Acute pancreatitis is a painful, life-threatening disorder of the pancreas whose etiology is often multi-factorial. It is of great importance to understand the interplay between factors that predispose patients to develop the disease. One such factor is an excessive elevation in pancreatic acinar cell Ca
. These aberrant Ca 2+ elevations are triggered by release of Ca 2+ from apical Ca 2+ pools that are gated by the inositol 1,4,5-trisphosphate receptor (IP3R) types 2 and 3. In this study, we examined the role of IP3R type 2 (IP3R2) using mice deficient in this Ca 2+ release channel (IP3R2 2/2 ). Using live acinar cell Ca 2+ imaging we found that loss of IP3R2 reduced the amplitude of the apical Ca 2+ signal and caused a delay in its initiation. This was associated with a reduction in carbachol-stimulated amylase release and an accumulation of zymogen granules (ZGs). Specifically, there was a 2-fold increase in the number of ZGs (P,0.05) and an expansion of the ZG pool area within the cell. There was also a 1.6-and 2.6-fold increase in cellular amylase and trypsinogen, respectively. However, the mice did not have evidence of pancreatic injury at baseline, other than an elevated serum amylase level. Further, pancreatitis outcomes using a mild caerulein hyperstimulation model were similar between IP3R2 2/2 and wild type mice. In summary, IP3R2 modulates apical acinar cell Ca 2+ signals and pancreatic enzyme secretion. IP3R-deficient acinar cells accumulate ZGs, but the mice do not succumb to pancreatic damage or worse pancreatitis outcomes.
Introduction
Pancreatitis is a painful, life-threatening disorder of the pancreas that results from numerous insults [1] . These include gallstones, alcohol abuse, trauma, medications, and metabolic disturbances. However, it is unclear why only a minority of individuals exposed to these noxious stimuli ever go on to develop pancreatitis. It is becoming increasingly evident that multiple environmental or genetic factors can predispose the host to disease [2, 3] . For example, most of the known gene mutations linked to pancreatitis, such as the serine protease inhibitor Kazal-type 1 (SPINK1) and cystic fibrosis transmembrane conductance regulator (CFTR), increase the likelihood of developing the disease, but do not appear to initiate it by themselves [4] . Exceptions are the gain of function mutations in the cationic trypsinogen gene, which cause acute or chronic pancreatitis with high penetrance [5] .
The mechanisms underlying a predisposition to pancreatitis also appear to be multi-factorial. The pancreatic acinar cell is the main parenchymal cell of the exocrine pancreas [6] . Its primary function is to synthesize, store, and then secrete, upon stimulation, relatively large amounts of pancreatic digestive enzymes. Most of the enzymes are inactive precursors, or zymogens. They are densely packaged into zymogen granules (ZGs) that are localized to an apical region which faces the lumen. Physiologically, ZGs undergo massive compound exocytosis in response to Ca 2+ -activating secretagogues [7, 8] . The released zymogens travel through the pancreatic duct and become activated in the intestinal lumen by enterokinase at the brush border.
In the current study, we investigated the role of the apically concentrated intracellular Ca 2+ channel the type 2 inositol 1,4,5-trisphosphate receptor (IP3R2) in coupling apical Ca 2+ signals to ZG homeostasis. Further, we examined whether ZG accumulation in this setting would worsen pancreatitis. When acinar cells from mice with a global deletion of this particular Ca2+ channel (IP3R2 2/2 ) [9] were stimulated with maximal concentrations of carbachol (1 uM), there were differences in apical Ca 2+ signaling between IP3R2
2/2 and wild type mice (WT). This was associated with a marked accumulation of ZGs. However, when mice were subjected to caerulein hyperstimulation, there were no differences in pancreatitis outcomes between IP3R2 2/2 and WT. 
Methods

Reagents and animals
All reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise stated. IP3R2-deficient mice were generated on a Swiss Black background by Chen and colleagues, as previously described [9] . IP3R2 is completely ablated in the KO mice. They live to adulthood and do not have gross phenotypic changes. WT control mice were age-, sex-(male), weight-(20-25 gm), and strain-matched (Harlan Laboratories, Boston, MA). All of the animals were fed a standard laboratory chow, given free access to water, and randomly assigned to control or experimental groups. All experimental procedures and euthanasia were approved by the Institutional Animal Care and Use Committee (IACUC).
Detection of cellular Ca 2+ signals
Groups of pancreatic acinar cells were isolated as previously described [10] , with minor modifications. Briefly, the pancreas was removed, and then minced for 5 min in buffer containing 20 mM HEPES (pH 7.4), 95 mM NaCl, 4.7 mM KCl, 0.6 mM MgCl 2 , 1.3 mM CaCl 2 , 10 mM glucose, and 2 mM glutamine, plus 1% BSA, 1X MEM nonessential amino acids (Gibco Invitrogen, Carlsbad CA), 200 units/ml type-4 collagenase (Worthington, Freehold, NJ), and 1 mg/ml soybean trypsin inhibitor. The tissue was incubated for 30 min at 37uC with shaking at 90 rpm. The digest was transferred to a 15 mL conical tube and washed with collagenase-free buffer. The suspension was vigorously shaken for 15-20 seconds to separate the cells into smaller clusters. Acinar cells were loaded with the high-affinity Ca 2+ -sensing dye fluo-4/ AM (K Ca = 345 nM; Molecular Probes) as previously described [11] . Acinar cells were plated on acid-washed glass coverslips and then mounted on a perifusion chamber. Thereupon, they were stimulated with the muscarinic agonist carbachol (1 uM). A Zeiss LSM710 laser scanning confocal microscope was used with a 63X, 1.4 numerical aperture objective. The dye was excited at 488 nm wavelength, and emission signals of .515 nm were collected at frame speeds of 60-80 msec/frame. Fluorescence from individual acinar cells as well as apical and basal sub-cellular regions was recorded.
Determination of Ca 2+ wave speed, latency period, and amplitude
For Ca
2+ wave speed analysis, apical and basal regions of interest in the acinar cell recordings were chosen using the ImageJ software (NIH, Bethesda, MD), and mean fluorescence over time in each region was graphed. Ca 2+ wave speed was calculated by dividing the distance between the midpoints of the apical and basal regions of interest by the time it took for the Ca 2+ wave to travel from the apical to the basal region. Latency period was defined as the time it takes to initiate a Ca 2+ signal after administration of carbachol. The parameter does not vary with the size or position of individual acinar cells on a slide. Ca 2+ amplitude was determined from apical regions of interest.
Amylase secretion assays
For enzyme secretion studies, groups of pancreatic acinar cells were isolated as previously described [11] , with modifications. Briefly, the pancreas was removed from euthanized mice and minced for 5 min in Dulbecco's Modified Eagle Medium (DMEM)/F12 1X buffer without phenol red (Gibco Invitrogen, Carlsbad CA) plus 0.1% BSA, 2 mg/ml type-4 collagenase (Worthington, Freehold, NJ). The tissue was briefly oxygenated, and then incubated for 5 min at 37uC with shaking (90 rpm). The buffer was exchanged with fresh collagenase, then briefly oxygenated, and incubated for 35 min. The tissue digest was filtered through a 300 um mesh (Sefar American, Depew, NY) to yield acinar cells, which were then washed three times with a collagenase-free buffer and allowed to equilibrate for 5 min at 37uC before treatment. Amylase was measured using a Phadebas kit (Magle Life Sciences, Lund, Sweden). Secretion was calculated from cultured primary acinar cells by dividing amylase released into the media by total amylase content.
Preparation of tissue for light and electron microscopy
For light microscopy, pancreatic tissue was fixed at room temperature for 2 hr in 10% formalin solution with 125 mM phosphate buffer (pH 7.4), then transferred to 70% ethanol. Paraffin-embedded sections cut at a thickness of 5 um were stained with hematoxylin and eosin and imaged on a light microscope. For electron microscopy (EM), animals were anesthetized and in vivo perfused for 5 min with 20 mL of fixative containing 2% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M cacodylate buffer. The pancreas was dissected, cut into 2 mm 3 tissue blocks, incubated at room temperature for 2 hr in the remaining fixative, and then post-fixed with 1% osmium tetroxide. Tissues were blocked, stained with 2% uranyl acetate, dehydrated in acetone series, and Epon embedded. Thin sections were stained with lead citrate and uranyl acetate. Electron micrographs were acquired on a Philips 410 electron microscope. Immunoblotting Briefly, 25 mg of freshly isolated pancreas was snap frozen and stored at 280uC. Samples were then thawed and homogenized in 400 ul of buffer containing 1 mM ethylenediaminetetraacetic acid (EDTA), 10 mM Tris, 100 mM NaCl, and 1X protease inhibitor cocktail (Roche, Indianapolis, IN). Protein content was assayed following the method of Bradford [12] , and 10 ug were loaded per lane on a 10% SDS gel. Proteins were transferred to a PVDF membrane and amylase was probed using a monoclonal antibody (ab20319; Abcam, Cambridge, MA). Bands were detected using IRDye 800CW goat anti-mouse and goat anti-rabbit secondary antibodies (Li-Cor, Lincoln, NE). Results were normalized to a mouse monoclonal antibody to b-actin (A2228), and represented as fold increase over WT.
Trypsin activation and trypsinogen content
To measure trypsin activity from whole tissue, pancreas stored at 280uC was thawed and homogenized in iced medium containing 5 mM MOPS, 250 mM sucrose, and 1 mM MgSO4 (pH 7.0). Samples were then centrifuged at 1000 g for 5 min at 4uC. Active trypsin was measured from supernatant as previously described [13] , using a fluorogenic substrate (Peptides International, Louisville, KY) which had the amino acid sequence BocGln-Ala-Arg-MCA. Trypsinogen content was obtained by incubating cell lysates with enterokinase (1 uM) for 15 min prior to activity measurements.
Caerulein hyperstimulation in vivo and histological grading
Pancreatitis was induced in mice by administering hourly intraperitoneal injections of caerulein (50 ug/kg body weight) for 12 hr, as previously described [14] . Saline-injected animals served as controls. Paraffin-embedded sections were stained with hematoxylin and eosin and evaluated using a 20X objective over 10 separate fields in a blinded fashion. Pancreas tissue was graded for edema, acinar cell vacuole formation, inflammation, and acinar injury, as previously described [15] , according to a 0-3 point scale. For serum amylase measurements, whole blood was centrifuged at 5000 g for 10 min at 4uC. Serum amylase was measured using a Phadebas kit (Magle Life Sciences, Lund, Sweden).
Statistical analysis
Statistical significance was determined using a Student's t-test. Data are expressed as mean 6 SEM unless otherwise stated. A pvalue of ,0.05 was considered significant.
Results
Ca
2+ signals in IP3R2 2/2 acinar cells
We examined the Ca 2+ signal in IP3R2 2/2 acinar cells using a maximally stimulating concentration of the Ca 2+ -activating agonist carbachol (1 uM) [16, 17] . Consistent with previous reports [18, 19] , we found that there was a reduction in the amplitude of the apical Ca 2+ signal by 41%, compared to WT acinar cells (Fig. 1 ). In addition, there was a delay among the IP3R2 2/2 acinar cells of 25.7 sec in the latency period, which is the time from the application of carbachol to the initiation of the Ca 2+ signal (P,0.05). There were no statistical differences in the propagation of the Ca 2+ wave from the apical to basal region when comparing IP3R2 2/2 with WT mice.
Secretagogue-stimulated amylase secretion is reduced in IP3R2 2/2 acinar cells
Isolated acinar cells from WT and IP3R2
2/2 mice were stimulated with a concentration range of caerulein or carbachol, and amylase secretion was measured after a 30 min incubation period (Fig. 2) . Amylase secretion was reduced in the IP3R2 
ZGs accumulate in IP3R2 2/2 acinar cells
The pancreatic acinar cell is a highly polarized cell [20] . ZGs are localized to the apical pole, while the nucleus lies close to the basolateral region. By hematoxylin and eosin staining, ZGs in WT acinar cells can be seen as pink granules within the apex [21] (Fig. 3) . This ZG pool within the acinar cells of IP3R2-deficient mice, however, appeared to increase and extend towards the nucleus and basolateral region. Estimates of the size of this pool were made by measuring the cross-sectional area of the ZG pool in relation to the area of acini. From these measurements, the total acinar cell area between IP3R2 2/2 and WT was unchanged. However, the ZG pool occupied 66.2% of the acinar cell compared with 38.8% in the WT state (P,0.05). The increase was seen homogenously throughout the pancreas and in all of the knockout mice. To determine whether the increase in the pancreatic acinar cell ZG pool was due to a larger size of the ZGs or a greater number of ZGs, EM was performed at magnifications up to 43000X (Fig. 4) . Consistent with the light microscopy findings, sections by EM from the IP3R2 2/2 mice demonstrated an extension of ZGs in most cells up to the nucleus and, in some cases, close to the basolateral region. There was a 2-fold increase in ZG number (P,0.05), although the average area of each granule remained unchanged.
ZG content is increased in IP3R2
2/2 acinar cells compared to WT To examine whether an observed increase in the number of ZGs translates to higher amounts of zymogens, western blotting was performed in whole pancreas (Fig. 5) . Using equal protein loading, actin levels were not increased. On the other hand, amylase was increased by 49% (P,0.05). To confirm this, total amylase content was measured in equal volumes of lysed acinar cells using a substrate activity assay. Amylase content was increased by 50% in the IP3R2 2/2 mice (P,0.05). This result is in contrast to the report by Mikoshiba and colleagues, who demonstrated that there was no basal increase in amylase by immunoblot [18] . The zymogen expressed in highest quantities by the acinar cell is trypsinogen [22] . Trypsinogen content was measured from acinar cell lysates by first cleaving the zymogen to its active form trypsin (in the presence of enterokinase) and then measuring trypsin activity using a specific fluorogenic substrate assay. As with amylase, trypsinogen content was also increased in the IP3R2 2/2 acinar cells, but by 2.6-fold (P,0.05). The results 
IP3R2-deficiency does not worsen caerulein pancreatitis severity
We next examined whether IP3R2 2/2 mice would succumb to worse pancreatitis outcomes in a mild, interstitial model that is induced by repeated hourly injections of supraphysiologic concentrations of caerulein [23] (Fig. 6) . At baseline, the IP3R2 2/2 mice had no histological evidence of pancreatic acinar cell injury, edema, immune cell infiltration, or vacuolization. Twelve hours after caerulein hyperstimulation, intra-pancreatic trypsin activation, tissue wet-weight, serum amylase, and pancreatic histology were equally increased in both WT and IP3R2 2/2 mice. Despite the absence of pancreatic damage at baseline, we found that serum amylase was higher at baseline in the IP3R2 2/2 mice by 32%, compared to the WT (P,0.05; Fig. 7 ).
Discussion
In this study, using IP3R2 2/2 mice, we found that the IP3R2 contributes to apical Ca 2+ signals, and its absence is associated with an accumulation of ZGs. Intracellular Ca 2+ pools within the acinar cell are gated primarily by two major Ca 2+ channels, the IP3R and the ryanodine receptor [10, 24, 25] . IP3Rs are classically triggered by a cascade that begins with ligand binding of G protein-coupled receptors, activation of phospholipase C, gener- ation of inositol 1,4,5-trisphosphate (IP3) from phosphatidylinositol 4,5-bisphosphate, and IP3 binding to the IP3R [26] . There are three isoforms of the IP3R, but acinar cells predominantly express type 2 and 3, in roughly equal amounts [27, 28] . Both IP3R2 and IP3R3 are localized to the apical region. We observed a reduction in the amplitude of the apical Ca 2+ signal in the IP3R2 2/2 mice, which is consistent with previous reports [18, 29] . Interestingly we also found a prolongation of the latency period, that is, the time it took to initiate a Ca 2+ signal after administration of carbachol. A similar increase in the latency period would be expected in cell types with a similar distribution of IP3Rs. Like acinar cells, hepatocytes contain a small, apical region, called the bile canaliculus, where IP3R2 is also concentrated [30] . Hepatocytes from IP3R2 2/2 mice have reduced Ca 2+ amplitude and a delayed rise time, which is another indication of slowed opening [31] . Although the authors did not measure the latency period in this study, in another paper, they showed that IP3R2 knockdown in primary cultured hepatocytes causes a prolonged Ca 2+ latency period [32] . One explanation for the lag in the latency period is that the IP3R2 2/2 acinar cells simply have fewer IP3Rs, since there is no compensatory increase in IP3R1 or IP3R3 [29] . This could result in fewer stochastic openings or less clustering of IP3Rs [33] . Another explanation is isoform specificity. In the absence of IP3R2, IP3R3 is the dominant isoform at the apical region of the acinar cell, where the Ca 2+ signal begins. IP3R3 has a lower affinity for IP3 than does IP3R2 [34] , which would mean that, in the absence of IP3R2, a greater amount of IP3 is necessary to initiate a Ca 2+ signal. It's also possible that IP3R isoforms have distinct subcellular localization in the acinar cell, even within the ER of the subapical region. This could also account for differences in opening kinetics [35] . Additional differences in the IP3R2 isoform include a greater sensitivity to ATP [29] and a negative modulatory effect on store-operated Ca 2+ entry (SOCE) channels [36] .
Acinar cell IP3Rs conduct spatially localized apical Ca 2+ signals that are necessary for secretion of ZG contents into the lumen of the pancreatic duct [37] . We found that the IP3R2 2/2 acinar cells had a partial reduction in amylase secretion at carbachol concentrations that were maximal, consistent with findings by Dr. Mikoshiba and colleagues in which they used an IP3R2 2/2 mouse that they had generated [18] . By contrast, they found that the IP3R2/3 DKO mouse acinar cells had a complete secretory block and, in vivo, manifested signs of pancreatic insufficiency.
In both the IP3R2/3 DKO mouse as well as the IP3R2 2/2 we used, the reduction in secretion was associated with an accumulation of ZGs. There were twice as many ZGs, seen extending beyond the apical region and abutting into the supranuclear and basolateral regions. However, neither the size of the ZGs nor the size of the acinar cells changed. Interestingly, trypsinogen content was greater in the IP3R2 2/2 mouse acini than was amylase, implying that there was less release of trypsinogen than amylase. This raises the possibility of the selective release of ZG contents. There is evidence that ZGs vary in the composition of their cargo contents [38] , either among different populations of acinar cells within regions of the gland (e.g. the peri-insular area [39] ) or possibly even within individual cells. Upon stimulus-secretion coupling, there is also support for the differential release of contents [40] . Thus our results could indicate that IP3R-dependent mechanisms control the exocytosis of selective pools of ZGs that, for example, house relatively larger amounts of trypsinogen over amylase. Alternatively, there are distinct secretory pathways for certain proteins via constitutive, constitutivelike, or minor secretory pathways [41] , that are independent of Ca 2+ or IP3R opening [42] . IP3R2 deficiency and its associated accumulation of ZGs were insufficient to cause spontaneous pancreatic damage or to worsen pancreatitis severity. The reason why serum amylase was higher in the IP3R2 2/2 mouse at baseline could be due to pancreatic enzyme exit from the cell through basolateral exocytosis, a phenomenon that is triggered by VAMP8 (vesicle-associated membrane protein 8)-mediated ZG-membrane fusion [43] . VAMP8 2/2 mice have reduced zymogen secretion [43, 44, 45] , due to a defect in compound exocytosis [8] , and they also develop ZG accumulation [45] . But they are protected against pancreatitis [43, 45] . Similarly, the IP3R2/3 DKO mice, which also accumulate ZGs, are protected against ethanol-induced protease activation [46, 47] . In summary, IP3R2 modulates apical acinar cell Ca 2+ signals and pancreatic enzyme secretion. IP3R-deficient acinar cells accumulate ZGs, but the mice do not succumb to pancreatic damage or worse pancreatitis outcomes.
